We have examined the homology requirements for intermolecular recombination between plasmids introduced into human, monkey, and bacterial cells. Variablesize-deletion derivatives of the prokaryotic-eukaryotic shuttle vector pSV2neo were constructed. Each of these plasmids was mixed with another pSV2neo plasmid containing a different, nonoverlapping deletion. Recombination was measured in mammalian cells and bacteria by the frequency of reconstruction of an intact neo gene. We observed that 25 base pairs of homologous sequence is sufficient -to yield recombinant products, implying that synapsis and homologous pairing can occur with this level of homology. Examination of the products revealed that nonreciprocal recombination played a role in the generation of normal neo genes. In addition coconversion of linked markers was observed. Exonucleoiytic action seems to play a role in gene conversion.
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It has been shown recently that somatic mammalian cells possess the enzymatic machinery required to mediate general recombination between homologous sequences (1) (2) (3) (4) (5) (6) (7) (8) (9) . Though the mechanisms of this process have yet to be elucidated, it must require exchange of genetic information between homologous DNA sequences. Such a homologydependent synapsis reaction is an essential component of all proposed models for homologous recombination (10) (11) (12) .
Indeed, bacterial RecA protein, a key enzyme in recombination, is capable of mediating strand exchange between homologous sequences (13) . Sequence homology is not only necessary for the production of a nascent heteroduplex during homologous pairing but also for the process of branch migration because joint sites cannot traverse nonhomologous regions of DNA (14, 15) . Homologous sequences have also been shown to be important for site-specific recombination in a number of systems in bacteria and fungi (16) (17) (18) (19) (20) (21) .
The obvious requirement of sequence homology for recombination in prokaryotes and eukaryotes led to investigations of the degree of sequence homology required for synapsis during intermolecular recombination. In bacteria, Singer et al. (22) found that a minimum of 50 base pairs (bp) of homologous sequence was required for recombination between two mutants with deletions in the r1I cistrons of bacteriophage T4. Although Gonda and Radding (13) could not observe in vitro RecA-promoted pairing of molecules sharing only 30 bp of homologous sequence, recent in vivo experiments using phage vectors revealed that as few as 20 bp, but not 16 bp, of homologous sequence resulted in recombination (23) . Rubnitz and Subramani (24) investigated the homology requirements for intramolecular recombination between homologous simian virus 40 (SV40) sequences in monkey CV-1 cells. By progressively decreasing the length of homologous sequence between the SV40 sequences on the vector and using a plaque assay to measure the frequency with which infectious virions were generated, they have shown that low levels of recombination could be detected when there was only 14 bp of homologous sequence.
Though reports ofhomology requirements for intermolecular recombination in mammalian cells have appeared (1, 25) , no systematic investigations have been conducted. Since the mechanisms of intramolecular and intermolecular recombination events may be different (26) , we have studied the minimum amount of sequence homology required for intermolecular recombination in mammalian cells. We have generated a series of mutants that contain variable size deletions of the neomycin phosphotransferase gene (neo) in the eukaryotic-prokaryotic shuttle vector pSV2neo (27) . Using each of these plasmids as a partner in homologous recombination in different mammalian cells, we now show that as little as 25 bp of homologous sequence is adequate for homologous recombination. Examination of the products of recombination has provided information about some of the steps involved in the generation of recombinant molecules.
MATERIALS AND METHODS Cells. EJ human bladder carcinoma cells and COS-1 SV40-transformed monkey kidney cells (28) were grown and maintained in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum. Selection for neo expression was achieved by plating cells in medium containing the aminoglycoside analog G418 (GIBCO) at 400 ,g/ml. The RecAEscherichia coli strain DH1 was used for all bacterial transformations. A RecA+ strain of E. coli, RR1, was used to study homology requirements in bacteria.
Plasmid Substrates for Recombination. The substrates for recombination are deletion mutants of the plasmid pSV2neo (27) , shown in Fig. 1 amounts of homology available for homologous recombination were generated in the following fashion. pSV2neo-DR-SSaLX DNA was digested at the site of the original deletion with Sal I to completion and treated with BAL-31 nuclease for 5-9 min; the products were pooled. Xho I linkers were added at the ends generated by BAL-31 digestion, and the plasmids were religated and used to transform E. coli strain HB101 by methods of Maniatis et al. (30) . Plasrnid DNA was prepared by the alkaline lysis method (30) . The plasmid DNA was analyzed by digestion with restriction endonucleases Pst I or Bgl II/Xho I to determine the extent of the deletion. The plasmids are designated as DR der plasmids.
Transfections and Assay for Recombination. EJ cells. Two micrograms of pSV2neo-DL-derived pLCK101 linearized with Sal I was mixed with 2 jig each of the DR der plasmids in the absence of carrier DNA and cotransfected by the calcium phosphate precipitation method (31) . Transfected cells were plated in medium containing G418, and colonies were scored 14 days after transfection.
COS cells. Eight micrograms of each of the two deletion plasmids were mixed and cotransfected into COS-1 cells by the DEAE-dextran-mediated DNA transfer method (32, 33) . Low molecular weight DNA was isolated 48 hr after transfection by the method of Hirt (34) and was used to transform a RecA-strain of E. coli (DH1), which was plated on ampicillin-or neomycin-containing plates. Recombination frequency is expressed as the total number of neomycin., resistant (NeoR) colonies over the number of ampicillinresistant (AmpR) colonies. To measure recombination in bacteria, mixtures of appropriate pairs of substrates were presented to the RRI strain of E. coli. Recombination frequency is expressed as above.
RESULTS
Generation of Deletion Substrates. We have previously shown efficient recombination between pSV2neo-DL and pSV2neo-DR in several different mammalian cell types (6, 8) . The end points of the deletions in these plasmids are 501 bp apart. Thus, the degree of homology within which recombination has to occur to give rise to a wild-type neo gene is 501 bp. We generated a series of derivative plasmids from pSV2neo-DR-SSalX as described. From a large series of plasmids, designated DR der plasmids, we chose 12 for detailed study. The extent of homology that each of these 12 plasmids had with pLCK101 was determined by digestion of each of the DR der plasmids with different restriction endonucleases and fractionating the products on polyacrylamide gels. Results of this experiment are shown in Fig. 2 . The extent of the deletions were such that the sequence homology ranged from 501 bp to 25 bp. In each case, the standard error is ± 5 bp.
Determination of Sequence Homology Requirements in Mammallan Cells. In order to examine the degree of sequence homology required for the recombination in mammalian cells, substrates with decreasing amounts of homologous sequence were used to transfect either EJ human bladder carcinoma cells or monkey COS-1 cells. We used Sal I-linearized pLCK101 as one of the substrates because such linearization increases recombination (8) . Sal I cuts at the site of the deletion. This plasmid was mixed with the appropriate DR der plasmid and transfected into human EJ cells by calcium phosphate coprecipitation or into COS cells (using DEAE-dextran). Recombination frequency was determined as described. Results obtained from transfection into the different cell types are summarized in Table 1 , and the relative recombination frequencies are shown in Fig. 3 . In EJ cells, mixtures of DL and DR SSaIX plasmids yielded 16.4 colonies per ug of input DNA. When the homologous sequence was reduced to 415 bp, the yield of recombinants was decreased by a factor of 4. The level of recombination sharply declined when the homologous sequence was reduced to 330 bp (2.4% of that observed with 500 bp ofhomologous sequence). At levels ofhomologous sequence less than 330 bp, we were able to detect a low but significant level of recombination. Homologous sequence as low as 25 bp was found to be sufficient for recombination. The relationship of recombination to the degree of sequence homology was biphasic in nature (Fig. 3) .
The Because the plasmid substrates we used contained deletions in the neo gene, which can be selected for in bacteria as well as in mammalian cells, we were able to compare the efficiency of recombination in these two systems. Pairs of appropriate plasmids were transfected into a RecA' strain of E. coli, RRI. The transformation mixture was plated on plates containing neomycin and ampicillin, and the recombination frequency was determined as before. The frequency of recombination in these bacteria was at least 1/100th that observed in the mammalian COS cells (see Table 1 ). Recombination in bacteria ranged from 1 x 10-4 at 501 bp of homologous sequence to 9 x 10-6 at 25 bp of homologous sequence. These results are in agreement with those obtained by others (22, 23) (8) . In the current experiments, the fact that there are several restriction enzyme site polymorphisms in the two substrates proved useful in deducing the nature of the recombination event. pLCK101 contained a HindIII site at the 5' end of the neo gene and a Sma I site at the 3' end. pSV2neo-DR-SSalX contained a Sma I site at the 5' end and a Xba I site at the 3' end (Fig. 1) . In the DR der plasmids, the Sma I site was unaltered while the Xba I site was lost in all except the pSV2neo der 415 plasmid. Examination of the plasmids we have obtained revealed them to be either dimers or monomers. The dimeric molecules contained a wild-type neo gene and a deleted neo gene that corresponded in size to that present in the DR der plasmid. These results indicate that, during recombination, the deleted neo gene in pLCK101 was converted to wild type, followed by a crossing-over event. Similar results were obtained when DL and DR plasmids were used as substrates (8) .
Since gene conversion was playing an important role in recombination, we examined whether the extent of gene conversion is in some way related to the degree of sequence homology. We have previously noted that conversion of the deletion in DL plasmids is accompanied by the coconversion of the adjacent 5' HindIII site to a Sma I site (8) . Such a coconversion event can be detected readily by measuring the number of Sma I sites in monomeric recombination products. Presence of a single Sma I site indicates no coconversion, while the presence of two Sma I sites is indicative of coconversion. Results obtained from such an analysis are summarized in Table 2 . The predominant class of monomeric plasmids, obtained with plasmids having homologous sequences down to 110 bp, contained two Sma I sites (i.e., coconversion of the 5' HindIII site). The situation changed dramatically when the homologous sequence was reduced to 35 or 25 bp. The majority of the monomeric plasmids from these crosses contained a single Sma I site at the 3' end of the neo gene, while the 5' HindIII site was unchanged. The possible significance of these results to an understanding of the mechanism of recombination in mammalian cells is discussed later in this report. Total  501  23  2  25  140  11  1  12  125  9  3  12  110  12  0  12  35  0  12  12  25  1  9  10 Products of recombination obtained from experiments with plasmids with different amounts of homologous sequence. Plasmid DNA was isolated from NeoR colonies after transformation of the RecA-E. coli strain DH-1 with low molecular weight DNA from cotransfection of COS-1 cells.
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DISCUSSION
We have examined the degree of sequence homology required for pairing of complementary DNAs during intermolecular recombination in human and monkey cells as well as in bacteria. Pairs of plasmids bearing different degrees of homology were introduced into mammalian cells, and recombination was monitored. In both human EJ cells and monkey COS cells, there was a decrease in the frequency of recombination with a decreasing length of homologous sequence, indicating that the mechanism of synapsis of complementary sequences in mammalian cell recombination is a homologydependent process. However, the pattern of decrease in recombination observed with diminishing sequence homology was different in EJ and COS cells (Fig. 2) . In COS cells, there was a linear relationship between recombination frequency and sequence homology, whereas in human EJ cells recombination frequency dropped at a faster rate and the shape of the curve showed evidence of a biphasic relationship. An important difference between the two systems is that the input plasmids can replicate autonomously in COS cells and cannot do so in EJ cells. Thus, it is possible that the linear relationship between the length of homologous sequence and the recombination frequency is somehow related to the continuous replication of the plasmids. We have not been able to establish the nature of this relationship.
By using the same deletion substrates, the sequence homology requirement for recombination in RecA' E. coli was also (Table  1) and was in agreement with previous studies of recombination in prokaryotes (22, 23) . The low level of recombination may be attributed to a low frequency of cotransformation of bacterial cells. Although there was a great difference in the frequencies of homologous recombination in eukaryotes versus prokaryotes, the sequence homology requirements for the recombination were the same. A low but significant number of NeoR colonies were obtained in both the RRI RecA' bacteria and in the two mammalian cell types when as little as 25 bp of homologous sequence was shared by the two deletion substrates. Bacterial cells and human cells showed a biphasic relationship between the degree of homology and recombination (Fig. 3) . Rubnitz and Subramani investigated the sequence homology requirements for intramolecular recombination in monkey CV-1 cells and showed that 14 bp of homologous sequence could mediate the pairing of homologous sequences on the same plasmid molecule (24) . The substrates used in our experiments in monkey COS-1 cells and human EJ cells contained a minimum of 25 bp of homologous sequence, and this amount was sufficient in all the systems tested. Rubnitz and Subramani (24) observed a steep drop in recombination frequency when the homologous sequence decreased from 214 to 163 bp, whereas we find in EJ cells and bacterial cells that the severest break occurred between 501 and 330 bp of homologous sequence. The small differences between the two systems may reflect differences in the substrates used for recombination.
Analysis of restriction enzyme sites in recombinant products obtained from experiments with different degrees of sequence homology revealed an interesting feature. When the homologous sequence in the neo gene region was 110 bp or greater, a high proportion of the monomeric plasmids (80-95%) resulted from coconversion of the DL deletion and the 5' HindIII site. When the homologous sequence was 35 bp or lower, wild-type plasmids resulted from repair of the DL deletion, but coconversion of the 5' HindIII site was observed in only 1 of 22 cases. We offer the following explanation for these results. Coconversion of two closely linked markers could result from heteroduplex formation followed by mismatch correction (11) or from exonucleolytic digestion followed by gap repair (12) . The coconversion that we observe seems to be the result of exonucleolytic digestion followed by gap repair (Fig. 4) . In pLCK101 the HindIII site is 240 bp away from the 5' end point ofthe DL deletion. When the homology between the two substrate sequences is reduced to 35 bp or lower, an exonucleolytic digestion of 240 bp on either side ofthe DL deletion would result in a complete loss of homology. When the homology is low, such extensive exonucleolytic digestions would not result in a recombination event leading to a wild-type neo gene. As the homology increases, a greater degree of exonucleolytic digestion can be tolerated, resulting in opportunities for generation of wildtype neo gene along with coconversion of markers close to the deletion. It has to be noted, however, that the substrate that underwent the gene conversion is a "linear gapped duplex" and that the mechanism by which coconversion of genetic markers occurs in this system may not be similar to what happens in meiosis.
It is interesting that the sequence homology requirements for recombination in bacteria as well as mammalian cells are very similar. Thomas (35) pointed out that a stretch of 20 bp of homologous sequence is required to form a stable DNA duplex. The requirement of 14 bp of homologous sequence in mammalian cells (24) and of 20 bp in bacteria (23) may reflect this fact. Mammalian genomes contain highly reiterated sequences that are distributed throughout the genome. Because the length of homologous sequence required for recombination is much less than the length of the repeat sequences, it is possible that mammalian systems have developed additional safeguards to prevent recombination between these repeated sequences. Further understanding ofthe mechanism ofrecombination may reveal the nature of these safeguards.
